Image Scanning Ellipsometry, a technique to measure the two-dimensional thickness profile of a nonuniform, thin, liquid film, from several nanometers up to tens of microns, in the steady and transient states, was developed and tested. The ability of this full-field imaging technique to map every point on the surface simultaneously was demonstrated by measuring the thickness profiles of very thin, draining, liquid films in the interfacial, transition, hydrodynamic, and capillary regions. Depending on the relative size of the intermolecular, gravitational, and capillary forces, four flow regions were identified. Using a simple model for the transient film thickness profiles of a completely wetting, draining film of FC-70, the experimental results were successfully analyzed in the interfacial, transition, and hydrodynamic regions. A diffusion coefficient for the. junction line between the interfacial and transition regions was theoretically and experimentally evaluated.
I. INTRODUCTION II. EXPERIMENTAL TECHNIQUE
Although the dynamics of fluid flow in thin liquid films have been extensively studied both theoretically and experimentally, our understanding of this field is far from complete. In addition, we find that experimental developments tend to lag theoretical modeling, particularly in the very ,thin interfacial region. This has led to the development and refinement by the authors of an optical technique, which we call Image Scanning Ellipsometry (ISE) to measure the twodimensional thickness profile of a nonuniform, thin, liquid film, from several run up to at least 20 ,um, in a steady state as well as in a transient state. This technique was developed to overcome obstacles inherent in more conventional film thickness measurement techniques, such as profilometry, microscopy, sputtering, interferometry, and conventional ellipsometry. In particular, none of the aforementioned techniques can simultaneously cover a film thickness range from 1 nmt>20 p, measure both liquid and solid films, handle steady-state and transient processes, measure the entire surface profile, and be nondestructive and noninvasive. Herein, we demonstrate the use of ISE by measuring simultaneously the thickness profiles of draining very thin liquid films in the interfacial, transition, hydrodynamic, and capillary regions, and thereby increase the understanding of the dynamics of fluid flow. The experimental technique and results are unique.
A. Image scanning ellipsometty technique
The details of the design and operation of ISE and its calibration are discussed in Liu et al. ' We will not attempt to reproduce that discussion here but will give an overview of the instrument's design and operation so that the subsequent experiments can be fully evaluated. The image scanning ellipsometer is based upon conventional null ellipsometry" and is related to the techniques of microscopic ellipsometry3 and dynamic imaging microellipsometry.4 It uses polarized light as a probe to determine the thickness and optical properties of the tiim. A schematic diagram of the apparatus is shown in Fig. 1 . The ISE consists of a light source providing nonpolarized light and a polarizer to select a given polarization state from the light source. A compensator is used to convert the linearly polarized light, leaving the polarizer to elliptically polarized light. This conversion is accomplished by introducing a phase difference between the two (parallel and perpendicular) polarization states in the incident light. A second polarizer or analyzer records the polarization state of the light reflected from the surface of the sample thin film. The output of the analyzer is sent through a microscope and onto a CCD video camera/recorder for subsequent image analysis. The variable magnification of the microscope allows one to focus on either the details of a particular region of the film or on the whole draining film, with less detail.
In the next few sections, a discussion of the experimental technique, a description of the theoretical model for the draining film, and finally a presentation of the experimental results and analysis of those results within the framework of the model are presented. This sequence was chosen to provide the reader with a better understanding of the intimate connection between the experimental technique and the theoretical analysis.
Although the ISE is based on a conventional, null ellipsometer, its mode of operation is unique. At various points or regions on the surface, the ellipticity or phase difference introduced in the components of the incident polarized light is just canceled by a phase difference that occurs upon reflection from the film. The polarization state of the resulting linearly polarized light is determined using the analyzer. If the film were of uniform thickness, as assumed by conventional null ellipsometry, this reading process would completely extinguish the reflected light and we would see no image. However, in the operation of the ISE, the nonuniform film produces an image consisting of a pattern of light and dark bands, or null fringes. One such image of the draining film from the video camera used in this study is shown in Fig. 2 . Here we see the entire draining region of the film, approximately one minute after the start of the experiment. The film thickness at the center of the null regions can be determined knowing the refractive index of the film, and the angle settings on the polarizer and compensator. The lower figure, Fig. 2(b) , is a vertical slice taken from the image in Fig. 2(a) and shows how the location of the center of each null region can be obtained using image processing techniques. One major advantage of ISE is that it is relatively insensitive to the overall intensity of the image, since the (al technique depends only on the intensity minima that can be located in situations, where the image contrast is poor.
The film thickness in the null regions can be calculated only up to an additive constant, or repeat thickness. This thickness, 6, , is given by 4=q AP An-T)f cos Of ' (1)
where X is the wavelength of the light, fi, is the polarizer angle, vf is the refractive index of the film, and 6; is the angle of refraction of the light through the film. In this study the repeat thickness is about 302.5 nm. To determine the exact film thickness, the adsorbed film thickness and the location of the junction between the interfacial region and the transition region of the draining film, hereafter referred to as the "junction line," were measured using the variable magnification afforded by the microscope. A single image of the thickness profile gives a useful but relatively crude approximation to the overall profile. This limitation is overcome by taking a series of images at different polarizer angles. Each angle is associated with a different set of film thicknesses and by choosing a number of these angles, a film thickness profile to any required resolution is obtained. Images of the draining film for three different polarizer settings are shown in Figs. 3(a) and 3(b), demonstrating how the null fringes change position or "scan" the film thickness profile. Taking slices through each image, the location of the null regions for each polarization angle and the overall thickness profile are determined. The thickness resolution of the system is related to the size of the individual pixels in the camera and the overall magnification of the system. The detection limit is a change in the null position of one pixel. For an extremely steep profile, such as in the meniscus region, the resolution may be as low as the repeat thickness, 8,. At any given magnification, if the slope of the film profile is steeper than &/pixel, the profile cannot be resolved. In the thin film region where intermolecular forces are dominant and the film profile changes very slowly, the ultimate thickness resolution may be 1 nm or less. Spatial resolution is also a function of the pixel size and magnification. In the relatively low magnification experimental work presented herein, the selected resolution was 30 m(h)XlO pm(u). which was the viewing area of one pixel. However, higher magnifications are indeed attainable.
Experimental draining system
A system that could be easily controlled was selected for the initial experiments on draining liquid films. To avoid any problems with evaporation or condensation, a fluid having a very low vapor pressure at room temperature (20 "C-30 "C) was chosen so that variations in room temperature would not cause undue changes in the adsorbed film thickness or the rate of evaporation or condensation. The use of a perfectly wetting fluid in this study provided simple images (parallel fringes) to analyze (see Fig. 2 ) and a reasonable chance of being able to correlate film thickness measurements with draining theory. Since fluorocarbon liquids represented the best combination of properties, a high molecular weight (820) fluorocarbon, FC-70, whose physical properties are listed in Table I was used.
Measurements of film thickness profiles with nanometersized resolution over a period of several days requires a high degree of cleanliness. Since this can only be accomplished in a closed system, the fused silica cell, shown in Fig. 4 , was fabricated to contain the fluid. The cell was trapezoidal in shape to ensure that the incident and reflected light would leave the cell perpendicular to the cell walls. Since the clarity of the reflectivity fringes depends upon maximizing the refractive index difference between the fluid and substrate, a high index, single crystal silicon wafer was inserted into the cell. The liquid drained from the Si surface. The cell and silicon wafer were cleaned, using standard, RCA cleaning procedures, in a clean room at Rensselaer's Center for Inte- Prior to the start of the experiment, the components of the ISE were aligned and calibrated. The cell was placed within the ellipsometer by attaching it to a movable sample holder. This holder was hinged, as shown in Fig. 4 , so that the cell could be tilted and the fluid would wet the portion of the Si wafer under observation with the ellipsometer. With a sealed system, we could not remove the wafer from the fluid and watch the fluid drain. We could also not overfill the cell and just let the fluid drain out through a tap. This latter procedure would have left too much liquid on the angled walls of the cell and that fluid would have interfered with the image analysis by producing ghost images.
The experiment was initiated by tilting the cell, returning it to its original vertical position, recording the time, and taking a series of images of the draining film, at different polarizer angles, for a period of 48 h. Approximately 15 images were recorded at each time. The number of images captured was a function of the steepness of the film thickness profile. Initially (for the first 10 min or so), few images were recorded because the null fringes were packed closely together near the leading edge. The same situation was encountered after the film drained away and the adsorbed thin film and very steep meniscus regions were left. Between these times, from 10 min to 24 h, complete film thickness profiles were recorded containing from 19150 points. At the end of the experiment, the adsorbed film thickness above the drained thicker film was recorded to determine, empirically, the Hamaker constant for the system. Since the system was operated in an atmospheric environment, a certain amount of water and other atmospheric contaminants were undoubtedly adsorbed on the surface. Measurement of the Hamaker constant in sifu provided a description of the solid-liquid-vapor intermolecular force field present during the experiments. Once the adsorbed film was measured, the fluorocarbon was allowed to evaporate away, and the thickness of the native oxide layer on the Si wafer substrate was measured. This thickness, the Hamaker constant, and the adsorbed film thickness are presented in Table I. 111. MODEL DEVELOPMENT Many theoretical descriptions of draining thin films have been developed since the pioneering work of Jeffreys.' Researchers have traditionally separated this work into two scenarios. The first is continuous withdrawal theory,6-'2 where the substrate is assumed infinitely long and is either removed at constant velocity from the fluid or the fluid is withdrawn at constant velocity. Regardless of the mechanism, the substrate and liquid bath are always in contact. The second scenario is drainage theory,57'3-'7 where a short substrate is removed quickly from the fluid bath and the fluid is allowed to drain from the substrate. In this case, the substrate is outside of the liquid bath. Our experimental system has elements of both scenarios. We changed the liquid level essentially instantaneously, but the substrate and liquid bath were always in contact.
In general, four distinct draining regions are considered. These are shown in Fig. 5 and consist of the interfacial film region, the junction between the interfacial and hydrodynamic regions, the hydrodynamic region, and the meniscus region. Drainage is controlled in the interfacial film region by the competition between. the film-substrate intermolecular and viscous forces and the gravitational body force. In the hydrodynamic region, drainage is controlled by competition between the gravitational body force, and the inertial and viscous forces in the fluid. Finally, the competition between gravitational, viscous, and capillary body forces controls the rate of drainage in the meniscus region. When intermolecular, capillary, and inertial forces can be neglected, the film thickness profile has been found to be parabolic in shape5 at any time and to decrease over time in proportion to t-r".
Most investigators, including Williams and Davis," Hwang et &.,I9 Ruckenstein and Jai.n2e Sharma and Ruckenstein'r Burrelbach and Bankhoff, Reisfeld and Bankhoff,23 and Kheshgi and Scrivenz4 have considered spreading liquids on a horizontal surface and have concentrated on describing the critical film thickness at rupture rather than describing an entire draining film profile. Therefore, as an adjunct to the experimental effort, a very simple model, considering only the interfacial and hydrodynamic draining regions, was developed for comparison with the data. The primary question addressed was whether a simple model could describe the measured shape of the film thickness profile. A schematic of the model system is shown in Fig. 5 , along with a representative control volume for developing the conservation equations. We consider the fluorocarbon to be a Newtonian fluid with constant properties. The model ignores any inertial effects so that it may be applied only after the larger, initial transients (arising from the tilted plate's motion) have died out. Since these transients decay very rapidly, this model should apply at times as early as several minutes following the start of the experiment. Since we are neglecting any inertial effects, and are looking at relatively long times after drainage has started, we assume the flow field within the fluid to be fully developed, even though the film thickness is constantly changing. The model requires only one momentum balance for the drainage velocity, uZ(x, s>, and a transient mass balance, which yields the film thickness &(z, t).
Over the course of the draining film, there are three "body" forces to consider, in addition to viscous forces within the fluid: gravitational forces? capillary forces, and intermolecular forces. All are labeled in the control volume of Fig. 5 . The capillary and viscous forces act in a direction opposite to the gravitational force and retard drainage. The capillary force depends on the curvature of the interface, and can be represented by o(d2&fz2)
where u is the interfacial tension and K is the curvature of the interface. The intermolecular forces may act in either direction, but, for perfectly wetting fluids, they act to oppose the action of the gravitational forces. The intermolecular forces, or their equivalent representation, the disjoining pressure, II, can be written as a function of the film thickness and the modified Hamaker constant, A :
If the Hamaker constant is negative (a perfectly wetting film) the intermolecular forces oppose the action of gravity and the fluid drains more slowly. If the Hamaker constant is positive (nonwetting film) the intermolecular forces assist the action of gravity and the fluid drains more rapidly and becomes unstable. The representation we have used in Eq. (3) is strictly applicable only for film thicknesses in the approximate range from lt20 nm. For film thicknesses between approximately 20 and 100 nm, the contribution due to intermolecular forces is best represented as proportional to S-4. In this model we use Eq. (3) as an approximation over the entire region. The momentum balance including all the force terms becomes (4) and is subject to boundary conditions specifying no slip at the fluid-plate interface and no stress at the fluid-air interface: x=0, 713=0, (54 x= 6, dvz dx -0.
In Eq. (4), p is the fluid density, /..I, is the viscosity, and g is the acceleration due to gravity. The mass balance is written in terms of the average velocity, &, across the thin film. This average velocity is a function of the film thickness and hence a function of verticaI position at any time, ; +$ (zjg)=O.
The mass balance is subject to the boundary condition that specifies the film thickness at z=O to be the adsorbed film thickness, 4. The fact that we have only one boundary condition is important because it means that we will be able to specify the location of the draining film only to within a vertical translation with respect to the substrate, +=O, S=S,.
The initial condition is an implicit one and specifies that initially, the film thickness is uniform and infinitely thick, t=O, S=CO*
The solution for the average velocity is easily found from the resulting parabolic velocity profile:
Substituting into the mass balance leads to the differential equation needed to solve for the film thickness profile. This equation is similar in form to that used by Williams and Davis,'* Sharma and Ruckenstein,"' and Kheshgi and Scrivenz4 for looking at the stability of a spreading drop:
If we neglect the intermolecular forces and the capillary forces, the equation reduces to the form first proposed by Jeffreys, and the solution for the film thickness profile is (11) This solution is obtained using a similarity variable, e=zlt, and so incorporates the implicit initial condition of infinite film thickness.
To obtain a solution valid in the interfacial and hydrodynamic regions, we include intermolecular forces and neglect the capillary forces. The resulting equation is solved by an approximate semianalytical technique. At large film thicknesses, we know that Eq. (11) holds, and the solution can be found using the similarity variable e=z/t. When the film thickness approaches the adsorbed thickness, 4, the gravitational forces are weak and can be neglected. The resulting partial differential equation can be transformed to an ordinary differential equation using the similarity variable, z'lt, and is reminiscent of a transient diffusion equation. Therefore we assumed a composite solution of the form
This proposed solution had to fit the boundary condition at z=O and also had to merge with the hydrodynamic solution for large film thicknesses. The function, f, is dependent upon time and position. We required f to be a real-valued, continuous function between 0 and 1 that smoothly increases throughout the thin film and hydrodynamic regions. A film thickness profile was built up at a given time, t, by substituting the proposed solution into the differential equation (10) the liquid pool is the interfacial region consisting of the adsorbed film. The interfacial region and hydrodynamic draining region are connected via the transition region. We define the "junction line" as the intersection of the interfacial and transition regions. Film thicknesses in the interfacial and transition regions lie below 100 nm. The insert in Fig. 7 shows the resolution we obtain within these regions. We believe this is the frrst time investigators have been able to fully resolve the shape of the film thickness profile for a draining film through the transition region. We note that similar results for an equilibrium tilm were obtained by Lam and Schecter.25 The slope of the film thickness profile in the insert of Fig. 7 appears to be steep, but it is actually very shallow, on the order of 10V4 m/m. interference microscopy and interferometry by Mullera and by Bascom et al." Both could resolve the hydrodynamic draining region, but obtained limited information at the transition between the hydrodynamic and interfacial thin film regions. The shape of our profiles in the hydrodynamic region agree with the parabolic profiles observed by their work. The evaporating and equilibrium meniscus region on an inclined flat substrate have been characterized by interference microscopy by Cook, Tung, and Wayner.= The shape of our profile in this region also agrees with their previous work. Figure 8 shows the quasiequilibrium film thickness profile measured after 48 h of draining. This profile was used to determine the modified Hamaker constant, A =Aslv/67r, by comparison of the interfacial region with theoretical predictions of the equilibrium film thickness profile in that region. The Hamaker constant is obtained using Eq. (13) below, where h is the height of the film above the liquid pool. We note that the Hamaker constant used here represents the solid-liquid-vapor interfacial force field actually present during the experiment, I/iI=pghS3,.
(13) Figure 9 shows a comparison of the approximate soluThe third draining region, where a parabolic thickness profile exists, extends for another l-2 mm down from the interfacial region. This is the hydrodynamic draining region, and clearly the extent of this region shrinks as time progresses: the fluid drains away and the junction line approaches the intrinsic meniscus. The last region lies near the liquid pool, and is characterized by a rapidly increasing film thickness profile. This is the start of the meniscus region We plot film thicknesses in this region out to a micron or so to resolve the other three regions. However, film thicknesses beyond 20 pm were measured. One key feature of the draining system is the moving junction line. The progression of the junction line toward the meniscus region is clearly evident in these profiles. Above the junction line, the adsorbed film thickness was on the order of 6 nm.
The profiles of a draining film have been measured using tions for the thickness profiles with the measured film thickness profiles in the interfacial, transition, and hydrodynamic regions. All physical parameters used in the model were obtained from the manufacturer's specifications for the fluid and our measurement of the Hamaker constant for the sysfem. The agreement between theory and experiment is quite good and the shape of the profile is an almost exact match. We expect this in the hydrodynamic region, but as the insert in Fig. 8 shows, the correlation even extends down into the transition and interfacial regions. It is a reasonable approximation between 20-100 nm, even though our expression for the disjoining pressure in that region is not exact. We should note that Lam and Schecter, '5 mental data. The use of a perfectly wetting fluid in our experiments probably contributes to the successful agreement. The model has two problems associated with it. First, it does not explicitly predict the moving junction line. Though we have a valid solution above the junction line (constant film thickness) and a valid solution in the draining region, the boundary condition specifies the junction line at z=O, but does not state where z=O lay in the overall scheme of things. In the draining system, there are no fixed points from which to derive a boundary condition. The location of the liquid pool changes as the fluid drains into it, and the adsorbed thin film extends to virtual infinity. To have the model agree with the experimental data we translated the location of the film profile with respect to the Si wafer. The need to use this translation procedure was also mentioned by Ruschak." Theory does give us some insight into how the junction line should move. The similarity variables used above to derive the draining solution show that a plot of z vs tin at constant film thickness, i.e., at the junction line, should be a straight line. Similarly, a plot of z vs t at constant film thickness in the hydrodynamic draining region should also be a straight line. The ISE allows one to easily obtain data for these plots. Figures 10(a) and 10(b) show these plots for constant f!ilm thicknesses of 5.8 nm (junction line) and for 303.2 run (hydrodynamic region). Both are straight lines. Assuming the junction line "penetrates" down the plate as the fluid drains, we can use a classic penetration depth expression to extract the junction line "diffusivity" from the slope of Fig. 10(a) , (ho-h)=3.643&.
04)
Here ho is the location of the junction line at t=O and D,, is the junction line diffusivity. Based on a slope of 9.5X 10d6 m/tin in Fig. 10(a) , we find the diffusivity to be 6.8X10-" m2is. Theoretical expressions for this diffusion coefficient have been developed in the context of spreading drops by borrowing from Frenkel's hopping model for surface diffusion. 'g Lopez, Miller, and Ruckenstein3' and Teletzke, Davis, and Scriven31 have shown that the diffusion coefficient should be related to the Hamaker constant, the viscosity of the fluid, and the adsorbed film thickness, according to 67ui DC,=-do * (1% Based on the values presented in Table I , Eq. (15) for DC1 yields 5.3X10-12 m2/s, which is in fairly good agreement with the experimental measurement. The Hamaker constant was measured in situ to account for operation in an atmospheric environment and the unavoidable water and atmospheric contaminants that adsorb on the substrate surface prior to the experiment and alter the solid-liquid-vapor intermolecular force field. We note that the measured diffusion coefficient is not directly analogous to the surface diffusi0.n coefficient of Eq. (15), since the draining liquid already prewets the surface. However, successful measurements of surface diffusion coefficients for spreading drops are extremely difficult, and it is only the spreading action of the draining film, coupled with the ability of the ISE to follow the junction line through time and space, that allows us to accurately measure a diffusion coefficient.
The second problem with the model concerns the drainage time used to fit the model to the experiment. Figure 7 shows experimental drainage times while Fig. 8 uses an equivalent drainage time. The discrepancy arises due to the nature of the initial condition for our experiment. The model has the implicit assumption that at t=O the film was infinitely thick. In our case we had to run the experiment by I tilting the cell, and so our initial film thickness profile was approximately linear. The 66 min discrepancy between theory and data is the equivalent draining time to reach our experimental initial condition. Future experiments will have to remove this discrepancy by withdrawing the substrate from the fluid in a fashion where cleanliness and the integrity I of the cell's seal is not compromised. The last point concerning the agreement between the theory and data focuses on the limiting film thickness at which the purely hydrodynamic continuum solution fails and ! interfacial forces need to be included. We have found that a I purely hydrodynamic solution approximates the drainage process down to a film thickness of at least 20 nm and possibly as thin as 10 nm. This is remarkably thin. However, we note that this value of lo-20 nm agrees fairly well with the range of intermolecular forces found by other investigators using the surface forces apparatus.32 Their values seem to lie somewhere between 5-20 mn. Thus, the image scanning ellipsometer is another useful tool for probing the range of intermolecular interactions and flow in very thin films.
V. CONCLUSIONS
An optical technique and instrument, image scanning ellipsometry, based on null ellipsometry and microellipsometry, was developed to measure two-dimensional film thickness profiles. The instrument was successfully applied to a system consisting of a vertically draining film of a perfectly wetting fluid. The experimental profiles identified four clear draining regions: the interfacial region, the transition region, the hydrodynamic region, and the meniscus or capillary region. The ISE resolved the complete thickness profile from 1 nm to >20 ym, with particular sensitivity in the region dependent on intermolecular forces.
A simple model for a draining film, which includes the effect of intermolecular forces, was developed and successfully applied to the FC-7OISilicon system. The agreement between the theoretically predicted and the experimentally determined thickness profiles was very good. The model simulated the thickness profile to an arbitrary vertical displacement. It also provided the framework for determining the mechanism by which the junction line "diffuses" or, more accurately, "penetrates" down the plate toward the liquid pool, and gave a surface diffusion coefficient for this motion. The agreement between the predicted surface diffision coefficient and the measured diffusion coefficient was also very good. Finally, a comparison of the experimental and theoretical profiles indicated that a purely hydrodynamic draining solution was valid for films at least as thin as 20 mn.
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